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Summary
In addition to their bridging function between innate
and adaptive immunity, dendritic cells (DCs) may also
contribute to primary resistance against infection.
Here we analyzed the role of DCs during infection
with Listeria monocytogenes by performing systemic
in vivo depletion of these cells. We showed that CD8a+
DCs were crucial for L. monocytogenes spreading
and proliferation in the spleen. Efficient and rapid up-
take of L. monocytogenes by CD8a+ DCs required the
small GTPase Rac1 and is a general characteristic of
this DC subpopulation in filtering particles out of the
blood. Thus, CD8a+ DCs appear to play an important
role for efficient bacterial entry into the spleen, which
is of relevance for subsequent immune responses.
*Correspondence: dirk.busch@lrz.tum.de
7 Present address: Bavarian Nordic GmbH, 85152 Martinsried,
Germany.Introduction
Understanding the complex in vivo mechanisms re-
quired for early innate control of pathogen survival and
spreading as well as the establishment of antigen-spe-
cific T cell responses is a prerequisite for the develop-
ment of more effective treatment of various infectious
diseases (Huster et al., 2004). Two major steps are re-
quired for the initiation of adaptive T cell responses dur-
ing infection: (1) antigen has to be transported from the
infectious site into specialized T cell compartments in
the draining lymph nodes (DLNs) or in the spleen, and
(2) antigen must subsequently be processed and pre-
sented as MHC-bound peptides in combination with
costimulatory molecules in order to activate epitope-
specific naive T cells.
It is commonly believed that both essential steps,
antigen trapping and antigen presentation, are primarily
a task of dendritic cells (DCs) (Banchereau and Stein-
man, 1998). DCs are professional antigen-presenting
cells (APCs) that have been intensively studied over
the past decades. At least six different DC subpopula-
tions—with some very distinct functions—have been
identified so far (Shortman and Liu, 2002; Heath et al.,
2004). Recently, Heath et al. proposed a cellular cas-
cade of antigen trapping, transport, and presentation
involving at least two different DC subsets for the prim-
ing of CD8+ T cells in peripheral lymph nodes (Allan et al.,
2003; Belz et al., 2004). According to this model, CD8a–
DCs transport antigen into T cell areas of DLNs, where
localized CD8a+ DCs, which are known for their efficient
uptake of apoptotic cells, are believed to present re-
processed antigen from CD8a– DCs to CD8+ T cells via
crosspresentation (Steinman et al., 1997). In analogy to
the transport of peripheral antigen into DLNs, blood-
borne particles are continuously trapped in the spleen
and are transferred to T cell zones (Conlan, 1996). Even
though the localization of most DC subsets in the spleen
shows remarkable resemblance to their distribution in
DLNs, there are some specialized structures, such as
the marginal zone (MZ), with organ-specific functional
properties. The MZ is commonly regarded as the site
for antigen trapping in the spleen and contains different
cell types with phagocytic activity, including MZ macro-
phages, metallophilic macrophages, and DCs (Kraal,
1992).
Infection of mice with the intracellular Gram-positive
bacterium Listeria monocytogenes (L.m.) is widely
used to study innate and adaptive immunity in mouse
models (Pamer, 2004). Major sites of infection with L.m.
are the spleen and the liver, where bacteria can be found
preferentially within the cytosol of macrophages and
hepatocytes. L.m. can spread from cell to cell without
leaving the intracellular compartment, which is the
main reason why L.m.-specific CD8+ T cells are crucial
for bacteria clearance and for providing protective im-
munity. In the absence of T cells, chronically persistent
infections can develop (Bhardwaj et al., 1998). Control
of bacterial growth during the first days after infection
is mainly controlled by cells belonging to the innate
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620immune system, including neutrophils, NK cells, and
macrophages (Unanue, 1997). Neutrophilic granulocytes
seem to be especially important for early defense mech-
anisms, because mice depleted of granulocytes cannot
control even very low infection doses and die within a
few days after infection (Conlan and North, 1994). In
addition to the important role of DCs in bridging innate
and adaptive immunity, recent reports have suggested
that specialized DC subsets themselves might contrib-
ute to innate defense against infections. In the case of
L.m., a CD11c+ DC subset characterized by tumor necro-
sis factor (TNF) and inducible nitric oxide synthase
(iNOS) production has been described to be crucial for
early control of bacteria growth (Serbina et al., 2003a).
There is general agreement that DCs are equipped
with a variety of specialized functions for efficient anti-
gen uptake, processing, (cross-) presentation, and ex-
pression of costimulatory factors, which explain their
potent capacity to activate naive T cells. In addition, pre-
sentation of antigen by immature DCs is involved in the
development of peripheral tolerance (Steinman et al.,
2003). Studies based on genetic mouse models have
clearly demonstrated that antigen presentation on DCs
is sufficient to activate naive T cells or to induce periph-
eral tolerance, but these studies could not rule out the
possibility that other APCs are also able to exert similar
functions. This important immunological question was
recently addressed by the development of an elegant
in vivo system to temporarily deplete CD11c+ cells in
mice. Infection of mice depleted of CD11c+ cells with
L.m. did not result in measurable T cell activation, as de-
termined by proliferation of adoptively transferred naive
CD8+ TCR-transgenic T cells (Jung et al., 2002). These
results have been interpreted as first evidence that the
presence of DCs is essential for CD8+ T cell priming.
In addition to the crucial role of DCs during T cell prim-
ing, a recent report with the same experimental model
reported an important role of DCs for CD8+ recall T cell
responses upon secondary infection with L.m. (Zammit
et al., 2005).
With this study, we intended to more precisely analyze
the contributions of DCs to the kinetics of L.m. infection.
We made the surprising observation that even with high
infection doses, very low numbers of viable L.m. could
be recovered from splenic tissue in mice after depletion
of CD11c+ cells. Cell-sorting experiments early after
infection revealed that CD8a+ DCs are the first target
population in the spleen, before other cell types become
infected.
Results
Lack of L.m. Infection in the Spleen of Mice
Depleted of CD11c+ Cells
In order to study the early role of DCs during systemic in-
fection with L.m., we took advantage of the recently de-
veloped CD11c-DTR-transgenic (DTR-tg) mice, in which
transgenic expression of human diphtheria toxin recep-
tor (DTR) under the control of the murine CD11c pro-
moter allows specific depletion of CD11c+ cells in vivo
after treatment with diphtheria toxin (DT) (Jung et al.,
2002). Low-dose (1–2 3 103) infection experiments
with wild-type L.m. (L.m.-wt) or Ovalbumin-expressing
L.m. (L.m.-Ova), as previously used by others for T cellpriming experiments in this model (Jung et al., 2002;
Pope et al., 2001), did not suggest a major role of DCs
in the early ‘‘innate’’ control phase of Listeria infection.
In both untreated and DT-treated DTR-tg mice, numbers
of viable bacteria recoverable from the two main organs
infected by L.m., spleen and liver, were below the detec-
tion limit by day 3 after low-dose infection (data not
shown), in accordance with data described for wild-
type B6 mice (Cheers and McKenzie, 1978). In addition,
no evidence for alterations in long-term bacteria clear-
ance upon DC depletion could be found (data not
shown).
We next challenged DTR-tg mice with higher infection
doses (5 3 104) in order to reveal a potential dose-
dependent protectivecapacity ofDCs in the early immune
response. However, we found that in mice depleted of
CD11c+ cells, no viable bacteria could be recovered
from splenic tissues 3 days after infection, whereas
large numbers were detected in untreated (no toxin)
mice (Figure 1A). This finding was independent of the
Listeria strains used (L.m.-wt [see Figure S1B in the
Supplemental Data] and L.m.-Ova) and was also ob-
served after oral L.m. infection (Figure S1C). Concomi-
tant analyses of liver tissues revealed similar numbers
of L.m. in DT-treated and untreated mice (Figure 1A),
indicating that depletion of CD11c+ cells did not result
in general resistance against L.m. infection. No organ-
specific differences in the efficiency of DC depletion
were detected (Figures S1D and S1E). Even in individual
DT-treated DTR-tg mice in which very high numbers of
viable bacteria were recovered from the liver, no L.m.
were found in the spleen (Figure 1B). This phenotype
was clearly linked to transgenic DTR expression, be-
cause splenic Listeria infection in wild-type mice was
unaffected by DT treatment (Figure S1A) and was not
due to aberrant expression of DTR in granulocytes
(Figure S2). In order to control for potential effects medi-
ated by transgene integration sites, which could become
relevant in homozygous mice, we generated DTR-tg 3
BALB/c F1 mice; these mice showed the same pheno-
type, with almost undetectable bacterial loads in spleens
from DT-treated cohorts (Figure 1C). Interestingly, when
mice were treated with DT 24 hr after L.m. infection,
similar high numbers of viable bacteria were recovered
from spleens as compared to untreated controls. Taken
together, our data suggest that a CD11c+ cell population
is crucially involved in the early entry of L.m. into the
spleen.
As recently reported by others (Zammit et al., 2005),
we also observed severe neurological side effects of
DT treatment in DTR-tg mice, which substantially limit
the model for long-term studies. As an alternative, the
use of chimeric mice generated by transplantation of
bone marrow from DTR-tg mice into irradiated wild-
type mice as recipients has been proposed. Such chi-
meric DTR-tg/B6 mice do not show any side effects,
even after repetitive DT treatments, and depletion of
CD11c+ cells is absolutely comparable to the results de-
scribed for DTR-tg mice (Zaft et al., 2005; Zammit et al.,
2005). A single application of DT 1 day prior to infection
of chimeric DTR-tg/B6 mice with L.m. resulted in
exactly the same phenotype as described for DTR-tg
mice, with no detectable bacteria in the spleen (Figures
1D and 1E).
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621Figure 1. Lack of Listeria in Spleens of CD11c+ DC-Depleted DTR-tg Mice
(A) DC-depleted (+DT) or nondepleted (no toxin) DTR-tg mice were infected with 5 3 104 to 7 3 104 L.m.-Ova 16 hr after DT treatment. Living
bacteria in the spleen and liver were quantified 3 days after infection. Bars show mean 6 SD of isolated bacteria and represent cohorts of
13–14 mice per group.
(B) Splenic and hepatic isolates from a single DC-depleted DTR-tg mouse are shown (DL, detection limit; n.d., not detectable).
(C and D) DTR-tg 3 BALB/c F1 mice (C) or DTR-tg/B6 chimeric mice (D) were infected with 5 3 104 L.m.-Ova 16 hr after DT treatment. An
additional group of DTR-tg 3 BALB/c mice was given DT as late as 24 hr after L.m. infection ([C]; day +1). Living bacteria in the spleen and liver
of DT-treated and untreated mice were quantified 3 days after infection. The graphs show mean 6 SD of isolated bacteria (3 mice per group).
Experiments were repeated two or three times with similar results.
(E) Splenocytes from DC-depleted (+DT) or nondepleted (no toxin) DTR-tg/B6 mice were stained for GFP+CD11c+ donor-derived DCs 3 days
after L.m.-Ova infection. Frequencies of GFP+CD11chi and GFP+CD11clo cells among living splenocytes are indicated.Transfer of DCs Restores Entry of Bacteria
into the Spleen in DTR-tg Mice
To obtain further support for the interpretation that
CD11c+ DCs are responsible for L.m. entry into the
spleen, we adoptively transferred L.m.-infected DCs
generated from wild-type B6 mice into DT-treated or un-
treated DTR-tg mice, which resulted in similar recov-
eries (of high numbers) of viable bacteria from splenic
tissue (Figure 2A). We tested other cell populations
and found that L.m.-infected macrophages, consisting
of >90% F4/80+ cells, can also shuttle viable L.m. into
the spleen (Figure 2B), although the efficacy was far
lower than that observed for DCs. In order to exclude
the possibility that contaminating DCs in macrophage
cultures could have contributed to these observations,
macrophages were derived from DTR-tg mice, ensuring
that potentially transferred CD11c+ cells would be im-
mediately deleted in the presence of DT. Taken together,
these data suggest that depletion of CD11c+ DCs is
mainly responsible for the lack of L.m. entry into the
spleen in DT-treated DTR-tg mice. Adoptive transfer of
L.m. already associated with macrophages or DCs pro-
vides a way for L.m. to survive entry into the spleen even
upon DC depletion.Early Detection of L.m. in CD8a+ DCs
Our data suggest that CD11c+ cells are crucial for effi-
cient entry into and replication of L.m. in the spleen.
This is quite surprising: most published studies have hy-
pothesized that L.m. primarily infect macrophages in the
spleen and are only rarely found in DCs (Aichele et al.,
2003; Muraille et al., 2005). In order to determine the
cell population involved in early uptake of viable bacteria
upon L.m. infection in the spleen, we performed exten-
sive cell-sorting experiments at different time points.
Splenocytes were simultaneously stained for CD11c,
CD8a, CD11b, and Ly6G surface expression, which al-
lowed segregation of four distinct leukocyte subpopula-
tions representing CD8a+ and CD8a– DCs, granulocytes,
and macrophages (Figure 3A). These subpopulations
were purified by FACS (purities > 95%), and cells were
subsequently lysed and plated out on BHI blood agar
to identify L.m.-based colony-forming units. Consistent
with the findings summarized above, at early time points
after infection, viable L.m. could be recovered only from
CD11c+CD8a+ DCs (Figure 3B; wild-type L.m. Fig-
ure S3B). No substantial numbers of viable bacteria
could be recovered from other cell populations. Results
were similar when total bacteria numbers per splenic
Immunity
622Figure 2. Transfer of In Vitro Infected DCs
into CD11c+ DC-Depleted DTR-tg Mice
Restores Growth of Listeria in Spleen
DC-depleted (+DT) or nondepleted (no toxin)
DTR-tg mice were injected with L.m.-Ova-
infected bone marrow-derived APCs (con-
taining 23 105 bacteria). Mice were sacrificed
3 days after infection.
(A and B) Numbers of bacterial colonies in the
spleen after transfer of littermate-derived
DCs (A) or DTR-tg macrophages (B) are
shown (mean 6 SD; 2–3 mice per group). Ex-
periments were repeated two or three times
with similar results (MF, macrophage; DL,
detection limit).leukocyte subpopulation were calculated (Figure S3A).
Comparison of the number of bacteria recovered from
sorted CD8a+ DCs with the overall load of L.m. in splenic
tissue revealed that approximately 70% of all viable bac-
teria were concentrated in the DC compartment, making
it unlikely that we have missed other major cell popula-
tions involved in early L.m. uptake in the spleen. Most
sorting experiments were performed in the presence
of gentamicin to guarantee that recovered bacteria
were derived from an intracellular compartment; in the
absence of gentamicin, cell type-specific recovery of
viable bacteria 1 hr after infection remained the same
(Figure S3B), making it highly unlikely that a bias of ourinterpretations was due to cell type-specific differences
in gentamicin resistance.
These data demonstrate that very early after i.v. ap-
plication, L.m. get taken up by and survive in CD8a+
DCs. At later time points, increasing numbers of viable
bacteria are found in other cell types, including macro-
phages and granulocytes (Figure 3B). In DTR-tg mice
depleted of DCs, however, no living L.m. could be de-
tected in macrophages or granulocytes 3 hr after infec-
tion (data not shown). This observation is in line with
the observation that viable L.m. fail to enter into and
to be maintained in the spleen in the absence of
CD11c+ DCs.Figure 3. CD8a+CD11c+ DCs Are Required for Establishment of Listeria Infection in the Spleen
(A) Spleen cells were isolated from B6 mice 3, 15, or 60 hr after L.m.-Ova infection and FACS sorted as depicted. CD8a+ and CD8a– DCs were
sorted from DX5–CD11chi splenocytes. Granulocytes (Gr) and macrophages + monocytes (MF+Mo) were pregated on CD11clo and CD8lo cells
and identified as Ly6Ghi or Ly6Glo cells, respectively. The frequency of each subpopulation among total sorted cells is indicated.
(B) The purified populations were lysed and the number of living intracellular L.m.-Ova quantified. The number of bacteria per 1000 cells is shown
3 hr (left), 15 hr (middle), and 60 hr (right) after infection. The recovery rate relates subpopulation-derived bacteria to the total number of bacteria
in the spleen. Examples of bacteria cultures (see inset) from 2 3 106 MF+Mo and 8 3 105 CD8a+ DCs 3 hr after infection are shown (n.d., not
detectable).
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(A) Granulocytes were depleted in B6 mice by i.p. application of 50 mg anti-Gr-1 (RB6.8C5). The following day, mice were i.v. infected with 53 105
L.m.-wt (10403s), and the efficiency of depletion was determined by FACS.
(B) The number of bacteria per 1000 cells in the indicated splenic subpopulations 1 hr after infection of granulocyte-depleted mice is shown.
(C) CD11c-Rac1DN-tg mice or littermates were infected i.v. with L.m.-Ova. The number of bacteria in spleen was quantified 3 days after infection
(DL, detection limit); the shown bars indicate the mean 6 SD of isolated bacteria and are representative of five mice per group.
(D and E) B6 mice were given 53 105 L.m.-wt (EGD strain, [D] right), 53 105 EGD-derived InlA and InlB double-deficient L.m. (DInlA+B, [D] left), or
2 3 105 S. typhimurium (E). The number of living bacteria per 1000 cells of the indicated subpopulations 60 min after infection is shown.
(F) Early uptake of i.v. injected particles was analyzed 2 hr after i.v. injection of polystyrene beads coupled with fluorescent DQ OVA (right); control
mice received PBS (left). Dot plots gated on CD11c+ cells show CD8 staining versus intracellular DQ OVA beads. The percentage of cells within
each quadrant is shown (n = 3 mice, DQ OVA). All experiments were repeated at least twice with similar results.Uptake of Viable Listeria by CD8a+ DCs Is
Independent of Granulocytes but Requires
Functional Rac1
Splenic CD8a+ DCs have been described as the major
cell type involved in uptake of apoptotic cells from pe-
ripheral blood (Iyoda et al., 2002). Therefore, a tempting
scenario explaining the accumulation of viable L.m. in
this specific DC subset would be the initial uptake of
L.m. by granulocytes, which are well known to play an
important role early during L.m infection (Conlan, 1997)
and subsequently die and get ingested by CD8a+ DCs
(Balazs et al., 2002; Tvinnereim et al., 2004). However,adoptive transfer experiments with in vitro infected
granulocytes failed to support the hypothesis that gran-
ulocytes facilitate entry of Listeria into CD8a+ DCs (M.
Neuenhahn and D.H.B., unpublished results), and in
mice depleted of granulocytes (Figure 4A), L.m. accu-
mulated preferentially in CD11c+CD8a+ DCs early during
infection, excluding major involvement of granulocytes
in the entry of L.m. into CD8a+ DCs (Figure 4B).
We recently generated a mouse model analyzing the
specific role of the small GTPase Rac1 in DC function
by expression of a dominant-negative transgene under
the control of the CD11c promoter (Kerksiek et al.,
Immunity
624Figure 5. Distribution of CD8+CD11c+ and CD8–CD11c+ DCs in the Spleen
Immunohistological analysis of spleens from B6 mice was performed on frozen spleen sections. Sections were stained with reagents specific for
metallophilic macrophages in the MZ (MOMA-1, blue), DCs (CD11c, red), and CD8a (green). Cells positive for both CD8a (green) and CD11c (red)
appear yellow-orange.
(A) Low-magnification analysis (103 objective) shows localization of CD8+CD11c+ DCs (arrows) in the MZ and red pulp (R) of spleens. I and II
indicate areas that were further magnified (403 objective) in (B).
(B) In section I, localization of extrafollicular CD8–CD11c+ DCs (vertical arrows, red DCs) and CD8a+CD11c+ DCs (horizontal arrows, orange DCs)
can be seen. The typical ‘‘speckled’’ surface distribution of CD11c is apparent on some CD8a+CD11c+ DCs (arrowheads), leading to an alternat-
ing orange (CD8 and CD11c double-positive) and green (CD8 single-positive) pattern on the same DC, as described previously (Gaidano et al.,
1990). Section II shows localization of CD11c+CD8a+ DCs in the T zone of a follicle (F).2005). Beside a relative reduction of CD8a+ DCs in the
DC compartment, the only phenotype detectable in
these mice is a selective defect in the Rac1-dependent
phagocytic capacity of the remaining CD8a+ DCs. Be-
cause CD8a+ DCs were the first cell type in the spleen
infected by L.m., we analyzed the kinetics of infection
in this mouse strain. As shown in Figure 4C, CD11c
Rac1DN-tg mice had a phenotype almost identical to
that of DTR-tg mice: 3 days after primary infection with
a high dose of L.m., no viable bacteria were recoverable
from splenic tissue. Together with the previous pheno-
typical analyses of this mouse strain, this finding
strongly supports the interpretation that CD8a+ DCs
are the most important cell population for bacterial entry
into the spleen and indicate crucial involvement of a
Rac1-dependent signaling pathway.
L.m. use internalin (Inl) A and InlB for receptor-medi-
ated entry into host cells. Both molecules recruit signal-
ing pathways partially involving Rac1 (Bierne et al., 2001;
Wang et al., 2006; Cossart and Sansonetti, 2004). To-
gether with the findings described above for CD11c
Rac1DN-tg mice, this could indicate a L.m.-specific
receptor-mediated mechanism accounting for the ‘‘tro-
pism’’ toward CD8a+ DCs. We infected mice with InlA
and InlB double-deficient L.m. (L.m.-DInlA+B) and ana-
lyzed their splenic localization 1 hr after infection (Fig-
ure 4D). There was no difference in recovery of viable
L.m.-DInlA+B from CD8a+ DCs as compared to wild-
type bacteria (strain EGD), making it unlikely that L.m.-
specific mechanisms were responsible for the preferred
localization of viable bacteria in CD8a+ DCs early after
infection.
Because i.v. injected apoptotic cells are also preferen-
tially taken up by CD8a+ DCs, a general characteristic of
this cell population might be the filtering of particles
out of peripheral blood. In order to test this hypothesis,
we analyzed uptake of a different bacterium (Gram-negative Salmonella typhimurium) as well as synthetic
particles shortly after i.v. injection. Like L.m., viable
Salmonella recovered 1 hr after i.v. injection preferen-
tially accumulated in CD8a+ DCs (Figure 4E). Although
Salmonella, in contrast to L.m., seem capable of surviv-
ing in other splenic cell types as well, they showed the
same preference for CD8a+ DCs early during infection.
To reduce the complexity of the circulating particle, we
injected synthetic polystyrene beads labeled with a fluo-
rescent dye detectable after internalization (Santambro-
gio et al., 1999). Such beads were efficiently and rapidly
taken up by CD8a+ DCs (Figure 4F), as recently reported
by others (Wilson et al., 2006). Taken together, our data
strongly support the interpretation that splenic CD8a+
DCs filter particles out of peripheral blood.
Localization of Splenic CD8a+ DCs Is Not
Restricted to the T Cell Zone
We were initially surprised to find L.m. accumulating in
CD8a+ DCs early after infection, because this DC sub-
population is predominantly found in the T cell zones,
and particles from the blood are believed to enter the
spleen through the MZ. However, it has been shown
that i.v. injected apoptotic cells get preferentially taken
up by splenic CD8a+ DCs (Iyoda et al., 2002), indicating
that some CD8a+ DCs have access to areas where par-
ticles get filtered out of the blood. In addition, it has been
shown that CD8a+ DCs are not restricted to the white
pulp (Chaussabel et al., 2003). We performed similar
experiments and found CD11c+ and CD8a+ double-pos-
itive cells scattered throughout the red pulp and within
the MZ (Figure 5). Although there are at present no defin-
itive markers precisely determining the histological lo-
cation of CD8a+ DCs (pDCs can also express CD11c
and CD8), our findings provide a reasonable explanation
for the uptake of L.m. and other particles by splenic
CD8a+ DCs.
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625Figure 6. Transfer of Infected Macrophages into DC-Depleted DTR-tg Mice Induces CD8+ T Cell Proliferation
CFSE-labeled OT-1 CD8+ T cells (2 3 106) were adoptively transferred into DTR-tg mice.
(A) The T cell recipient mice were either treated with DT the next day (left) or left untreated (right). Mice were infected i.v. with 2000 L.m.-Ova 16 hr
after DT treatment. Splenocytes were stained with OVA257–264 multimers 3 days later. The histograms are gated on Ova-specific T cells, and the
percentage of proliferating cells is indicated.
(B) Bone marrow-derived DTR-tg macrophages (23 105) were infected with L.m.-Ova (3–5 bacteria per cell) and subsequently injected into the T
cell recipient mice 16–24 hr after DT treatment. Proliferation of OT-1 T cells in DC-depleted (+DT; left) and nondepleted (2DT; right) DTR-tg mice
after transfer of L.m.-Ova-infected macrophages is shown. The frequency of OT-1 cells (oval) among total splenocytes is indicated. Cell prolif-
eration is reflected by loss of CFSE, and in the respective histograms, the number of detected cell divisions is indicated. Experiments were
repeated two times with similar results.Although the histology data support the view that L.m.
get taken up directly from the blood by splenic CD8a+
DCs, we cannot formally rule out the possibility that
the uptake itself takes place within the blood, followed
by rapid migration of infected cells into the spleen. How-
ever, in the first minutes after i.v. injection, only low num-
bers of viable L.m. were detectable in peripheral blood,
and these were gentamicin sensitive (not yet located in
an intracellular compartment; Figure S4A). At the same
time point (10 min), viable bacteria could be recovered
from the spleen, and most were gentamicin resistant
(Figure S4B). These findings favor a model in which
uptake of L.m. occurs directly within the spleen.
T Cell Activation in the Absence of CD11c+
Leukocytes
From experiments based on the DTR-tg mouse model in
combination with L.m. infection, it has been concluded
that CD11c+ DCs are absolutely required for CD8+ T
cell priming and efficient memory T cell responses
(Jung et al., 2002; Zammit et al., 2005). However, our
data showed that in the absence of CD11c+ cells, the
dynamics of L.m. infection in the spleen were severely
altered. We reevaluated the question of T cell prolifera-
tion in DTR-tg mice by adoptive transfer of L.m.-infected
macrophages, which can shuttle replicating L.m. into
the spleen (Figure 2B). Infection of (untreated) DTR-tg
mice with a low dose of L.m.-Ova (23 103) led to efficient
proliferation of adoptively transferred CFSE-labeledOT-1 T cells. Consistent with the previously published
findings (Jung et al., 2002), no T cell activation or prolif-
eration was detectable in DTR-tg mice depleted of
CD11c+ cells 1 day before infection (Figure 6A); L.m.
doses as high as 23 LD50 failed to lead to T cell prolifer-
ation (Figure S5). However, upon macrophage-mediated
L.m. infection, OT-1 cells vigorously proliferated in DT-
treated (Figure 6B) mice, indicating that as soon as
L.m. enter and productively replicate in splenic tissue,
T cell proliferation can be observed in the absence of
DT-sensitive CD11c+ cells. Although recovered anti-
gen-specific T cell populations demonstrated similar
cell division profiles in DT-treated DTR-tg mice, their
frequencies were somewhat lower as compared to T
cells primed in the presence of CD11c+ cells (Figure 6B),
which might indicate qualitative differences of T cell
activation in the absence of conventional DCs.
In order to exclude the possibility that the observed
T cell proliferation after DC depletion is due to rapid
recovery of CD11c+ cells or to contaminating DCs in
adoptively transferred cell populations, extensive con-
trol experiments were conducted, combining chimeric
DTR-tg/B6 mice, CD8b-mediated OT-1 T cell purifica-
tion, and adoptive transfer of L.m.-infected macro-
phages derived from DTR-tg mice. Even when all these
experimental precautions were applied simultaneously
(Figure 7A), transferred OT-1 cells still vigorously prolif-
erated in CD11c+ cell-depleted L.m.-infected recipient
mice. Furthermore, CD8+ T cell activation and
Immunity
626Figure 7. CD8+ T Cell Proliferation in DTR-tg Bone Marrow Chimeras
CD8b-enriched (>95% purity) and CFSE-labeled OVA257–264-specific OT-1 T cells (53 10
5) were adoptively transferred into DC-depleted or non-
depleted DTR-tg/B6 mice. The following day, the mice received 106 bone marrow-derived L.m.-infected macrophages from DTR-tg donor mice
(purity >90%). Isolated splenocytes were analyzed by flow cytometry 3 days later.
(A) Proliferation of OT-1 T cells in DC-depleted (top) and nondepleted (middle) DTR-tg/B6 chimeras after transfer of L.m.-Ova-infected mac-
rophages is shown as in Figure 6. In addition, noninfected macrophages were transferred into DC-depleted mice after adoptive T cell transfer
(bottom). The frequency of OT-1 T cells (oval) among CD8+ T cells is shown. GFP+CD8a+, multimer-negative DCs (rectangle) are indicated as
percentage of splenocytes.
(B) Absolute numbers of proliferating OT-1 T cells after transfer of infected MFs into either DT-treated (closed circle) or untreated (open circle)
DTR-tg mice, and after transfer of noninfected MFs into DT-treated (closed triangle) are shown for the indicated cell division steps (mean6 SD;
n = 2). Data shown are representative of two independent experiments.proliferation in DT-treated DTR-tg mice was not re-
stricted to OT-1 cells with a memory phenotype, as
shown by the fact that depletion of CD44hi cells before
adoptive transfer showed similar (Figure S6) results.
As described above (Figure 6), lower frequencies (and
absolute numbers) of antigen-specific T cells expanded
in the absence of CD11c+ cells under these highly con-
trolled settings. These quantitative differences became
more prominent with increasing cell divisions (Fig-
ure 7B), indicating that CD8+ T cell proliferation after
DC depletion in DTR-tg mice is not identical to T cell
activation in the presence of CD11c+ APCs.
Discussion
Multiple roles of CD11c+ DCs during L.m. infection, from
early innate control of bacterial infection (Serbina et al.,
2003a, 2003b) to CD8+ T cell priming (Jung et al., 2002;
Zammit et al., 2005; Muraille et al., 2005), have been sug-
gested. In this report, we reevaluated the specific func-
tions of DCs during L.m. infection and made the surpris-
ing observation that bacterial entry and subsequenteffective replication in splenic tissue are strictly depen-
dent on the presence and functional integrity of CD8a+
DCs. In vivo depletion of CD11c+ cells abrogates entry
of viable bacteria into the spleen, even upon high-dose
infection. Efficient uptake of L.m.by CD8a+ DCs requires
functional Rac1 and is not unique for this pathogen.
Rapid accumulation in splenic CD8a+ DCs upon i.v. ap-
plication was also observed upon infection with Salmo-
nella typhimurium or injection of fluorescence-labeled
polystyrene beads. Circumventing this physiological
shuttle system by depletion of CD11c+ DC did not
prevent T cell activation. These data strongly support
a model of sequential events required for effective L.m.
infection of the spleen, where CD8a+ DCs appear to be
most crucial for early uptake and pathogen spreading,
and show that (DT-sensitive) CD11c+ cells are not abso-
lutely essential for antigen-induced CD8+ T cell prolifera-
tion in this model.
The severe and specific defect in L.m. entry into the
spleen in the absence of CD11c+ cells prompted us to
investigate the cellular localization of bacteria early dur-
ing infection. According to the present literature, L.m.
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627initially get trapped in MZ macrophages after i.v. infec-
tion (Aichele et al., 2003). Involvement of DC subpopula-
tions in this process has not been suggested; L.m.-
infected DCs are barely detectable in histological
sections (Aichele et al., 2003; Muraille et al., 2005), and
L.m. was found mainly in CD11bhi (not in CD11chi) cells
24 hr after infection (Muraille et al., 2005). From kinetic
studies it was deducted that CD11bhi cells might ac-
tively transport L.m. into the white pulp. However, anal-
ysis of early L.m. infection by histology is complicated
by the high infection dosages necessary to detect bac-
teria in tissue sections, and it is difficult to distinguish
between viable and dead organisms by tissue staining.
Only surviving bacteria are capable of promoting in-
fection, and their specific niches during early infection
have not been studied. The approach followed in this
study, namely the purification of defined subpopulations
by FACS and subsequent determination of viable bacte-
rial numbers by counting colony-forming units, was
highly sensitive, enabling analysis of early cellular local-
ization of bacteria under conditions similar to those
commonly used in T cell studies. Surprisingly, the
splenic cell population initially infected with L.m. is a
CD8a+ DC. Uptake of bacteria by CD8a+ DCs after i.v.
application occurs very rapidly, and viable L.m. were re-
covered with high efficiency only from this compart-
ment. It was recently speculated that granulocytes
play an important role in crosspresentation of L.m.-
derived antigens (Tvinnereim et al., 2004). Infected gran-
ulocytes rapidly undergo apoptosis (Engelich et al.,
2001), and apoptotic cells are taken up quickly and effi-
ciently by CD11c+CD8a+ DCs (Iyoda et al., 2002; Valdez
et al., 2002). However, passage via two different cell
populations including effective induction and execution
of cell death seems unlikely to explain the rapid uptake
of L.m. observed in this report. In addition, we were
not able to recover viable bacteria from granulocytes
early after infection, and depletion of granulocytes did
not affect accumulation of L.m. in CD8a+ DCs.
Alternatively, receptor-mediated uptake of L.m. could
facilitate entry into DCs. This would require constitutive
and cell type-specific expression of receptors exploited
by L.m. on DCs. Receptor-mediated entry of L.m. is be-
lieved to be mainly dependent on the virulence factors
internalin (Inl)A and InlB (Gaillard et al., 1991; Dramsi
et al., 1995), which bind E-cadherin (Mengaud et al.,
1996) and c-Met (Shen et al., 2000), respectively, and al-
low entry of bacteria into nonphagocytic cells. InlA binds
murine E-cadherin with much lower affinity than human
E-cadherin, which might explain why oral infection, the
normal route of L.m. infection in humans, is very ineffi-
cient in mice. Based on these findings, one could spec-
ulate that receptor-mediated entry of L.m. in mice is pri-
marily a task of InlB and c-Met interactions, as shown
for L.m. infection of hepatocytes (Dramsi et al., 1995). In-
deed, c-Met expression on CD11c+ DCs has been re-
cently described (Kurz et al., 2002). This hypothesis
could also explain why infection of hepatocytes, which
also express c-Met, is still intact in the absence of
CD11c+ cells (Figure 1A). However, infection experi-
ments with InlA and InlB double-deficient Listeria did
not indicate an important role of these two major inter-
nalins for efficient uptake by CD8a+ DCs. There are
many other internalins within the L.m. genome with as-yet-unknown receptors and functions (Cabanes et al.,
2002), and each represents a potential candidate for re-
ceptor-mediated uptake by DCs. However, the efficient
uptake of a different bacterium (Gram-negative Salmo-
nella typhimurium) as well as fluorescence-conjugated
beads by splenic CD8a+ DCs favors the interpretation
that uptake of particles from the blood, as previously
described for apoptotic cells, is a general characteristic
of this cell type. We and others (Chaussabel et al., 2003)
found splenic CD8a+ DCs to be not only located in T cell
zones but also in the red pulp and MZ, providing an
anatomical link to the specific function of CD8a+ DCs
described in this report.
Our results do not conclusively show the compart-
ment in which initial uptake of L.m. by CD8a+ DCs oc-
curs, but several pieces of evidence favor uptake of ex-
tracellular bacteria by DCs located in the spleen: (1) we
were unable to detect viable intracellular L.m. in periph-
eral blood, even at extremely early time points after
infection; (2) conventional CD11chiCD8a+ DCs are not
found in peripheral blood (O’Keeffe et al., 2003), and
the cell type bearing viable L.m. in spleen was DEC-
205+B220–, excluding involvement of plasmacytoid
DCs in L.m. uptake (data not shown); and (3) in unin-
fected mice, some CD8a+ DCs are located in the MZ.
It was recently reported that DT treatment of DTR-tg
mice affects metallophilic and MZ macrophages (Probst
et al., 2005); as a consequence, findings dealing with the
function of specific phagocytic subpopulations in DTR-
tg mice should be interpreted carefully. However, it is
unlikely that the observed abrogation of L.m. entry into
the spleen of DTR-tg mice is mediated by cells other
than CD11c+ DCs: (1) although substantial depletion of
highly radio-resistant host-derived MZ macrophages
cannot be achieved in DTR-tg/B6 bone marrow chi-
meras (Probst et al., 2005), viable L.m. were not de-
tected in spleen; and (2) viable L.m. were absent from
the spleen in CD11c Rac1DN-tg mice, which have func-
tionally deficient DCs but a histologically normal MZ
(Kerksiek et al., 2005).
The surprising role of CD8a+ DCs in the physiology of
L.m. infection also provides a new explanation for the
reported absence of CD8+ T cell priming and reduced
memory T cell activation in this model after depletion
of CD11c+ DCs (Jung et al., 2002; Zammit et al., 2005).
A low dose of L.m. was used in these reports, so no dif-
ference between DT-treated and untreated mice could
be detected several days after infection. The possibility
that DC depletion abrogates entry and replication of
L.m. at the site of T cell priming was not analyzed. By by-
passing the strict requirement of CD11c+ cells for L.m.
infection of the spleen, we found that under otherwise
identical conditions, vigorous T cell proliferation can
be observed in DT-treated DTR-tg mice. Thus, the lack
of CD8+ T cell priming in this model (DTR-tg or bone
marrow chimera) can be attributed to severe distur-
bances in L.m. infection kinetics, because sufficient an-
tigen prevalence and priming conditions for T cell prim-
ing are unlikely to exist without productive infection
(Kaech and Ahmed, 2001). However, these data do not
support the (opposite) conclusion that DCs are not
uniquely required for CD8+ T cell priming; some DC sub-
sets might be resistant to DT depletion (e.g., due to low
expression of CD11c and DTR), and these remaining
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addition, although our data demonstrate activation of
naive CD8+ T cells in DT-treated DTR-tg mice after
L.m. infection, the frequencies of expanded antigen-
reactive T cells were lower after depletion of CD11c+ cells.
Thus, it is likely that there are qualitative and quantitative
differences depending on the nature of the priming
APCs. Further experimental improvements/systems
are necessary in order to conclusively address the ques-
tion of DC involvement in general CD8+ T cell priming.
Experimental Procedures
Mice
C57BL/6 (B6) and BALB/c mice were obtained from Harlan Winkel-
mann (Borchen, Germany); CD11c-DTR transgenic mice (B6.FVB-
Tg (Itgax-DTR/GFP) 57Lan/J) (Jung et al., 2002) were backcrossed
to B6 (DTR-tg). CD11c Rac1DN-tg (Rac1DN-tg) mice were gener-
ated as described (Kerksiek et al., 2005). DTR-tg mice and
Rac1DN-tg mice were identified by PCR typing from tail DNA as pre-
viously described (Jung et al., 2002; Kerksiek et al., 2005). DTR-tg3
BALB/c mice were bred in-house by crossing DTR-tg with BALB/c
wild-type mice.
OVA257–264 peptide-specific T cell receptor-transgenic (OT-1)
mice on a B6 background were purchased from the Jackson Labo-
ratories. CD45.1+ OT-1 mice were bred in-house by crossing OT-1
with CD45.1 B6 mice (Jackson Laboratories). All mice were bred un-
der specific pathogen-free conditions at the mouse facility of the
Technical University Munich, and sex-matched mice were used at
6–8 weeks for infection and transfer experiments. All animal experi-
ments were approved by the government of Bavaria.
DTR-tg/B6 Bone Marrow Chimeras
Bone marrow was isolated from DTR-tg mice as previously de-
scribed (Zaft et al., 2005; Zammit et al., 2005). In brief, bone marrow
was flushed out of femurs and tibias, erythrocytes were lysed, and
filtered cells were suspended in RPMI medium. Cells were washed
twice in PBS and injected i.v. (w53 106 cells per mouse) into irradi-
ated (950 rad) B6 mice. Mice were allowed to rest at least for 8 weeks
before use.
Listeria Strains
For infection experiments, ovalbumin-expressing L.m. (L.m.-Ova;
kindly provided by H. Shen, University of Pennsylvania, Philadel-
phia, PA) or the parental wild-type stain 10403S (L.m.-wt) were
used. Receptor-mediated uptake was analyzed with InlA and InlB
double-deficient L.m. mutants (L.m.-DInlA+B; [Parida et al., 1998])
and the parental EGD strain (L.m. EGD).
DC Depletion and L.m. Infection
DTR-tg, DTR-tg 3 BALB/c, and DTR-tg/B6 mice were given diph-
theria toxin (DT; Sigma, St. Louis, MO) i.p. at a dose of 4 ng per gram
body weight to deplete DCs. In order to evaluate the efficacy of DC
depletion, spleen and liver cells were digested with collagenase and
analyzed by FACS, revealing >90% reduction of CD11chi (HL3; BD
Pharmingen) GFP+ DCs.
Mice were infected i.v. with 53 104–13 105 L.m.-Ova 16–24 hr af-
ter DC depletion. Splenic growth of L.m. was quantified by plating
serial dilutions of Triton-lysed splenocytes on BHI 3 days later, as
previously described (Pamer, 2004). CD11c Rac1DN-tg mice re-
ceived 1 3 105 L.m.-Ova and were similarly analyzed; infected
Rac1DN-tg littermates were used as controls. In adoptive T cell
transfer experiments, DTR-tg/B6 bone marrow chimeras were
treated with DT every other day starting the day before transfer of
L.m.-infected macrophages.
In Vitro Infection of Bone Marrow-Derived APCs
Bone marrow was isolated from DTR-tg or littermate mice to gener-
ate macrophages or DCs, respectively. By incubating bone marrow
cells with DMEM containing L929 cell-derived supernatant (kindly
provided by Roland Lang, Technical University Munich, Munich,
Germany) for 5 days, F4/80+ macrophages (>90% purity) could bederived. Incubation with 0.2 mg GM-CSF-containing RPMI led to
the generation of CD11c+ DCs (70%–85% purity) after 7 days.
For L.m. infection, cells were extensively washed and subse-
quently incubated in antibiotic-free medium for another 4–5 hr be-
fore infecting them for 50–60 min with L.m.-Ova (10 bacteria/cell).
Afterwards, infected cells were washed and incubated for another
50 min in gentamicin-containing medium (50 mg/ml) in order to kill re-
maining extracellular bacteria. Cells were then washed in PBS, and
23 105–43 105 cells were injected i.v. into either depleted or nonde-
pleted DTR-tg mice. Living bacteria per transferred cell were quanti-
fied after 24 hr by plating lysed cells in serial dilutions on BHI plates.
Ex Vivo FACS Sorting of Bacteria-Infected Splenocytes
B6 mice were infected i.v. with L.m., and splenocytes from infected
mice were isolated after 1–2.5 hr (5 3 105 L.m.), 15 hr (1 3 105 L.m.),
or 60 hr (83 104 L.m.). In order to obtain a maximal number of APCs,
spleens were collagenase digested. After washing in gentamicin-
containing medium (5 mg/ml) in order to avoid extracellular growth
of L.m., cells were preincubated with anti-CD16/CD32 (2.4G2; BD
Pharmingen) and subsequently stained with anti-CD8a-PE-Cy5.5
(5H10; Caltag), anti-CD11c-APC (HL3; BD), anti-CD11b-PE-Cy7
(M1/70; BD), anti-PanNK-FITC (DX5; BD), and anti-Ly6G-PE (1Ab;
BD). Live/dead discrimination was performed with propidium iodide
(Molecular Probes). Cells were sorted on a MoFlo (Dako) into pure
FCS. The purity of the sorted subpopulations was controlled with
a CyAn ADP Lx (Dako) and was found to be >95%. After washing
in PBS, sorted cells were Triton-lysed and plated on BHI plates to
quantify bacteria.
In some experiments, B6 mice were infected with 2 3 105 Salmo-
nella enterica serovar Typhimurium wild-type strain SB300 (Salmo-
nella typhimurium). Salmonella were grown overnight at 37C in LB
medium. Overnight cultures were diluted 1:50 in LB medium supple-
mented with 0.3 M NaCl. Bacteria were harvested at early logarith-
mic phase (OD600nm 0.2–0.3), washed, and diluted in PBS for intrave-
nous application. Splenocytes were isolated 1 hr after infection and
FACS sorted according to the procedures described above. Triton-
lysed sorted cell suspensions were plated on LB.
Immunohistology
Fresh spleens from B6 mice were embedded in O.C.T. medium (No.
4583; Miles Inc., Elkhart, IN), snap-frozen, and cut (5 mm sections)
with a cryostat (Jung Frigocut 2800 E, Leica, Bensheim, Germany).
Sections were air-dried overnight, acetone-fixed (–20C for 10
min), and finally air-dried for a minimum of 12 hr. Sections were re-
hydrated for 15 min in PBS containing 0.25% BSA and for another
15 min in PBS containing 0.25% BSA and 10% mouse serum.
mAbs (CD8a-Alexa488 [Caltag], CD11c-PE [BD], MOMA-1-biotin
[Dianova, Hamburg, Germany]) diluted in PBS/0.25% BSA/10%
mouse serum were added directly onto the sections and incubated
for 30 min. After washing, sections were either incubated with sec-
ond step reagents (streptavidin-APC; BD) or directly mounted in Flu-
oromont (Southern Biotechnology Assoc. Inc., Birmingham, AL).
Sections were analyzed on a Leica DMXA-RF8 microscope (Leica
acquisition program QFISH) equipped with a Sensys CCD camera
(Photometrix, Tucson, AZ).
Preparation of DQ OVA Beads
DQ OVA was coupled to polystyrene beads (Polysciences, Inc.; War-
rington, PA; diameter: 1.826 mm) according to the manufacturer’s
protocol. For uptake of fluorescent OVA beads, mice were primed
with 89 mg DQ OVA (Molecular Probes) coupled to 5.73 108 polysty-
rene beads. DQ OVA is a self-quenched conjugate of OVA that
shows bright green fluorescence upon proteolytic degradation,
thereby allowing discrimination of beads taken up from beads bind-
ing to the cell surface (Santambrogio et al., 1999).
Adoptive Cell Transfer
OVA257–264-specific T cell receptor-transgenic CD8
+ T cells from
lymph nodes and spleens of naive OT-1 donor mice were positively
selected by purification on an AutoMACS (Miltenyi) with anti-CD8a
beads (Miltenyi). Selected cells were >95% CD8a+. After labeling
with CFSE (Molecular Probes), 106 cells were transferred i.v. into
either DT-treated or untreated DTR-tg mice. One day after T cell
transfer, 2 3 105 L.m.-infected F4/80+ macrophages from DTR-tg
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i.v. with L.m. (5 3 103). After another 3 days, mice were sacrificed,
and the number of viable bacteria in the spleen was quantified by
BHI plating as described above. Isolated splenocytes were then in-
cubated with ethidium monazide (EMA, for live/dead discrimination;
Molecular Probes) and anti-CD16/CD32, followed by staining with
anti-CD8a-APC (5H10; Caltag) and PE-labeled OVA257–264 multimers
(Busch et al., 1998; Schiemann et al., 2003) for 45 min at 4C. Data
were acquired with a FACSCalibur (Becton Dickinson) or CyAn
ADP Lx (Dako) flow cytometer and analyzed with FlowJo software
(Tree Star).
Alternatively, DT-treated or untreated DTR-tg/B6 mice received
53 105 OT-1 CD8b-enriched CFSE-labeled T cells. In order to obtain
sustained depletion of CD11c+ DCs during in vivo T cell stimulation,
mice were treated with DT every other day starting 5 hr after adop-
tive T cell transfer. OT-1 T cells were positively selected by Auto-
MACS purification with CD8b PE-conjugated antibody (53-5.8; BD
Pharmingen), followed by staining with anti-PE beads (Miltenyi).
Alternatively, cells were negatively selected by purification with
CD4 (RM4-5), CD19 (1D3), MHC class II (AMS-32.1), CD11c (5H10),
and CD44 (IM7) FITC-conjugated antibodies (BD Pharmingen) and
secondary staining with anti-FITC beads (Miltenyi). Selected cells
were >95% CD8a/b+ and did not stain for CD11c. The host mice
were subsequently injected i.v. with 5 3 105 L.m.-bearing F4/80+
macrophages from DTR-tg mice. After another 3 days, the number
of viable bacteria in the spleen was determined and isolated spleno-
cytes stained with OVA257–264-specific multimers as described
(Busch et al., 1998; Schiemann et al., 2003).
Statistical Analysis
Indicated statistical significance was calculated by standard Stu-
dent’s t test.
Supplemental Data
Six Supplemental Figures can be found with this article online at
http://www.immunity.com/cgi/content/full/25/4/619/DC1/.
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